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M. tuberculosis and the other members of the M. tuberculosis complex (MTBC) remain the leading bacterial killers worldwide and still account for 1.3 million deaths annually 1 . Of major concern is the uncontrolled spread of MDR tuberculosis (defined by resistance to at least the 2 major first-line drugs isoniazid and rifampicin) in regions such as southern Africa 2 and across large Eurasian territories encompassing the Baltic countries, Russia and the 11 other current or former members and participating states of the Commonwealth of Independent States. These countries are all ranked among the 27 countries with a high MDR tuberculosis burden 1 .
The massive spread of MDR tuberculosis in Eurasia is predominantly driven by M. tuberculosis clones of the Beijing/East Asian lineage [3] [4] [5] [6] . Strains from the Beijing lineage have also been associated with large MDR tuberculosis outbreaks elsewhere 7 and appear to be rapidly expanding in population size in settings with contrasting tuberculosis incidence levels 8, 9 . Strains of this lineage have been proposed to possess selective advantages in comparison to strains from other MTBC lineages, comprising an increased capacity to acquire drug resistance, linked to hypermutability 10 or the presence of compensatory mutations mitigating the fitness cost of resistanceconferring mutations 11, 12 , increased transmissibility, hypervirulence and/or more rapid progression to disease after infection [13] [14] [15] [16] [17] . However, the association of Beijing strain infection with MDR tuberculosis and/or with specific pathobiological or epidemiological manifestations is not systematic 18 . This heterogeneity suggests the existence of substantial intralineage biogeographical diversity, affecting pathobiological properties.
To investigate this hypothesis, we analyzed the global biogeographical structure and origin of the Beijing branch of the MTBC by standard genotyping of 4,987 clinical isolates from 99 countries linked to drug resistance. In addition, we analyzed the genome sequences of 110 isolates representing the main clonal complexes (CCs) identified to further explore the evolutionary history of this important lineage.
RESULTS

Global biogeographical structure
Our collection of 4,987 isolates from 99 countries ( Supplementary  Fig. 1 ) represents by far the largest Beijing lineage data set ever Evolutionary history and global spread of the Mycobacterium tuberculosis Beijing lineage analyzed in terms of sample size and geographical coverage. Among these, 4,024 isolates (81%) originated from populationbased or cross-sectional studies. Beijing strains were detected by screening for typical spoligotypes and best matching of 24-locus mycobacterial interspersed repetitive unit-variable-number tandem repeat (MIRU-VNTR) genotypes obtained from all the isolates 15, 19 (Supplementary Tables 1  and 2 ). To gain insight into the global population structure, we constructed a minimumspanning tree (MStree) on the basis of the 24-locus MIRU-VNTR data that minimized the weights of the edges between genotypes. We initially classified the 4,987 isolates into 6 major CCs and 3 distant branches (a, b and c) collectively designated as basal sublineage 7 (BL7) (Fig. 1a) . PCR analysis of the NTF region 20 of 337 selected isolates showed that CC1-CC5 comprised typical/modern Beijing strains, whereas CC6 and BL7 comprised atypical ancestral Beijing variants ( Supplementary Fig. 2 and Supplementary Table 3) . We further analyzed the global distributions of CC1, CC2 and CC5, as the corresponding groupings were largely supported (with few to no outliers) by genome sequencing results. Likewise, the ancestral classification of CC6 and BL7 was confirmed by their deep branching in the genome-based trees.
In the MStree (Fig. 1a) , CC1 and CC2, and to a lesser extent CC5, displayed a star-like shape typical of expanding populations, with high-frequency central genotypes surrounded by diffusing layers of variants. Such patterns were much less visible for CC6 and BL7, again suggesting more ancient populations and/or milder expansions. In accordance with this hypothesis, the mean allelic richness (number of alleles), calculated after correcting for sample size effects 21 and taken as a surrogate indication of diversification time, was higher for CC6 and BL7 than for CC1, CC2 and CC5 (P < 0.05; Fig. 1b) .
The spatial distribution on a worldwide scale of these CCs clearly shows a biogeographical structure and population clines in the Beijing lineage (Fig. 1c) . Strikingly, the CC distribution was the most diverse in the East Asia and Far East region, suggesting that this region indeed represents the origin from which Beijing strains subsequently radiated. The gradient observed in CC5 proportions toward the Pacific Ocean suggests an eastward spread of this clone, followed by successive bottlenecks increasing its frequency in Micronesia and Polynesia. Likewise, we observed westward clines for CC1 and CC2, with these groups becoming highly dominant in central Asia and around the Black Sea (CC1) and in Russia and Eastern Europe (CC2) (Supplementary Figs. 3  and 4) . In contrast, CC6 and BL7 were more confined to eastern Asia. The only other region where we retrieved substantial proportions of CC6 and BL7 was North America/Mexico, where the CC frequencies resembled those for Chinese samples (Supplementary Fig. 3) , likely reflecting the effect of recent Chinese immigration.
East Asian origin, multiple epidemic waves and timing
The East Asian origin of the Beijing lineage was further supported by plotting MIRU-VNTR allelic diversity per geographical population A r t i c l e s against geographical distance from the Yangtze River basin (Fig. 1d) . Allelic diversity decreased with increasing geographical distance, and 22% of the variance could be explained by geography alone when considering the full data set. Interestingly, this percentage increased to 63% when focusing solely on the Eurasian samples. This difference reflects the excess of allelic richness in the samples collected, especially in North America and in South Africa, likely resulting from substantial recent immigration from China. We then attempted to date past expansions and to generate estimates for the time to the most recent common ancestor (TMRCA). Because it is not possible to simultaneously estimate N (the effective population size) and µ (the mutation rate), we implemented mutation rate priors and intervals covering previously reported µ values [22] [23] [24] ( Supplementary Fig. 5 ). By applying these rates and a generation time of 1 d for M. tuberculosis, we estimated a mean TMRCA of 6,600 years for the Beijing lineage ( Table 1) . According to coalescent analyses, CC6 and BL7 are the two oldest sublineages, with TMRCAs of ~6,000 and 5,000 years, respectively, and CC5 is the youngest, with a TMRCA of ~1,500 years.
Genetic data can also be used to unravel recent demographic changes. By using Bayesian-based coalescent tools available for VNTR markers, we tested whether a recent decline or increase in bacterial population size occurred and calculated t a , reflecting the time elapsed since a last expansion began. All CCs displayed strong expansion signatures ( Table 1) . The expansion ratio r = N 0 /N 1 (where N 0 is the current effective population size and N 1 is the effective population size before expansion began) ranged from 8 (BL7) to 25 (CC6). For CC1, CC2 and CC5, the expansion onset, provided by median t a values, dated back some 200-250 years. These findings clearly contrast with the much older expansions detected for CC6 and BL7 dating back to the medieval period ( Table 1) .
Whole genome-based phylogeny and recent population dynamics
Because MIRU-VNTR loci may be affected by homoplasy 25 , we sequenced the genomes of 110 strains ( Supplementary Fig. 6 and Supplementary Table 4) representing the 7 sublineages initially identified by genotyping to obtain a robust tree topology and confirm the ancestral clades. After removing genes associated with drug resistance, repetitive and mobile elements, and artifactual SNPs linked to indels 26 , we detected 6,001 polymorphic sites (SNPs). Likelihood mapping analyses 27 indicated a robust phylogenetic signal (>81%), albeit with minor occurrence of star-likeness, signaling that the tree was well resolved in certain parts only (Supplementary Fig. 7) . In contrast to a recent report suggesting some degree of horizontal gene transfer (HGT) in the MTBC 28 , analysis of neighbor nets and densitrees identified no major splits suggestive of HGT ( Supplementary Figs. 8 and 9a) , and the pairwise homoplasy index (PHI) test did not find evidence (P = 0.7668) for recombination that might blur phylogenetic reconstruction. The genome-based tree topology was fully consistent with Beijing linage-specific regions of difference (RD181 and RD150). Numerous subgroup-specific polymorphisms also clearly distinguished three ancestral and five modern Beijing phylogenetic clades (Fig. 2a,  Supplementary Fig. 9b and Supplementary Table 5), fairly congruent with the MIRU-VNTR groupings except for CC3 and CC4 (Fig. 2a) . Strains associated with BL7 clearly corresponded to the most ancestral population, followed by CC6 strains. As such, we refer to both groups as Asian ancestral subgroups 1-3. Strains from the modern CCs diverged more recently and displayed shorter branches. Central Asian, European-Russian and Pacific branches also largely confirmed the CC1, CC2 and CC5 classifications, respectively. However, CC4 strains could be clearly differentiated into two genome-based subgroups (Asian Africa 1 and 2), whereas the distribution of CC3 isolates was much more scattered on the tree. This partial incongruence in the MIRU-VNTR-based tree likely reflects homoplastic effects and/or hard polytomies in the context of recent expansions.
Genome-wide SNP information provides the potential for more sensitive detection of one or even several population changes. However, such analysis requires calibration of the genome evolution rate, which is not trivial. Confident, closely matching estimates of short-term genome mutation rates, ranging between 1.0 × 10 −7 and 1.3 × 10 −7 substitutions per nucleotide site per year, have been independently obtained from the study of different contemporary epidemics 26, 29 and a macaque infection model 30 . However, such estimates are supposed to differ by one or two orders of magnitude from the longterm fixation rate, as less fit mutations are purged from the genomic pools 31 . Consequently, if the mutation rate changes through time, any mutation rate used will imply information distortion at some point. Therefore, we decided to use the previously estimated short-term rate of 1 × 10 −7 substitutions per nucleotide site per year (95% confidence interval of 0.6 × 10 −7 to 1.5 × 10 −7 ) 29 to depict a more likely demographic scenario over the last few hundred years.
We generated a Bayesian skyline plot that estimated changes in the pathogen's effective population size over time (Fig. 2b) on the basis of the 110 genomes. We detected a stepping stone-like increase in population size with two sharp population growth phases, one occurring during the Industrial Revolution and the second approximately matching the period of the First World War. It was also striking that the only decrease in population observed on the skyline plot coincided with the onset of large-scale antituberculosis drug use. Although a cumulative effect cannot be excluded (also due to changes, for example, 
Specific antibiotic resistance
To investigate a possible association between antibiotic resistance and the identified CCs, we examined a subset of 1,054 clinical isolates with known drug resistance profiles from our global strain collection (Supplementary Table 6 ). Of these, 91% (965/1,054) originated from 12 different study settings that were population based or crosssectional. We avoided including local MDR tuberculosis cohorts. The analysis showed that CC2 had the highest proportion of MDR strains (75.0%, 111/148; P < 0.0001) (Fig. 3) . CC5 as well as the more heterogeneous CC3 and CC4 exhibited the lowest percentages of resistance (P < 0. Table 7 ). Overall, CC1 and CC2 had the highest clustering rates for MDR strains (P < 0.01), indicating population expansion amplified by the recent transmission of MDR strains, especially associated with MIRU-VNTR haplotypes termed 94-32 (CC1) and 100-32 (CC2) according to a standard nomenclature 19 . This MDR outbreak hypothesis was strongly supported by the analysis of mean pairwise genetic distances among strain genomes. Strains from the central Asian outbreak (associated with CC1) and from the European-Russian W148 branch (associated with CC2 and defined as a Russian successful clone 6 ) exhibited a lower pairwise distance than all other subgroups (P < 0.05), with respective means of only 17 and 23 SNPs differentiating pairs of isolates ( Supplementary  Fig. 10 ). These strains were all resistant to at least isoniazid and streptomycin (with resistance conferred by mutations to katG (encoding p.Ser315Thr) and rpsL (encoding p.Lys43Arg), respectively; data not shown). These data thus indicate a specific recent expansion of two MDR clones in Russia and central Asia. 
A r t i c l e s
Traces of positive selection
To identify genetic targets potentially linked with the expansion of modern Beijing subgroups some 200-700 years ago ( Table 1) , we first examined 81 polymorphisms characteristic for all modern strains (Supplementary Table 8 ). Among these, we found four and three SNPs in the mce (mammalian cell entry) and vapBC (virulence-associated protein) gene families, respectively. Moreover, SNPs in the coding regions of the same two gene families were fixed in the genomes of both modern and ancestral Beijing subgroups (Supplementary Table 5 ), possibly suggesting positive selection acting on these genes. To test this hypothesis, we calculated the mutation rates per base pair and the dN/dS ratios (global ratios of nonsynonymous to synonymous SNPs) of the concatenated gene sequences for these two gene families and compared them with corresponding values for essential and non-essential genes, genes encoding polymerases, ribosomal proteins, T cell antigens and lipoproteins, and the fad gene family (Supplementary Table 9 ). Within the limits imposed by the low levels of total variation, we found a two-to threefold increase in mutation rate, as well as higher dN/dS values in modern subgroups (0.91-1.83) for mce and vapBC genes than for any control set (0.26-1.07) (Supplementary Table 9 ). There were also more (P < 0.05) amino acid substitutions among the mce and vapBC gene products than in the control sets in modern subgroups, a situation not encountered in the ancestral subgroups (Supplementary Table 10) .
Furthermore, we searched for branch-specific SNPs and small deletions that were potential candidates for specific adaptation. Noteworthy among these was a frameshift mutation in kdpD (c.2541_ 2542delCA) specific to all European-Russian W148 MDR outbreak strains, predicted to result in an altered C terminus of the sensor and its fusion to the cognate regulator of the two-component system encoded by the kdpDE operon (Supplementary Table 5) . A partial deletion of the kdpDE operon in M. tuberculosis has already been associated with greater virulence 35 . We refined the search by performing a genome scan analysis, using a Bayesian model 36 that detects the structure and clustering of individuals in a population, with latent variables called factors. We thereby both inferred population structure and identified 200 'outlier' SNPs, defined as those most related to the detected structure, which were distinguished from noise-containing SNPs. Inspection of the factors (Fig. 4) indicated that factor 2 distinguishes the ancestral strains from the derived ones, whereas factors 3 and 4 differentiate, respectively, the European-Russian and central Asian lineages from the other strains. Remarkably, the SNPs with the largest Bayes factors within a factor were found to be concentrated among highly plausible gene targets under positive selection (encoding drug resistance, virulence and surface-exposed proteins) (Supplementary Table 11 ). For factor 2, nonsynonymous SNPs affecting the bulk of the modern strains were found, for instance, in lysX (a gene required for resistance to cationic antimicrobial peptides 37 ), fadD28 (encoding a virulence factor 38 ) and mutT2 (a putative mutator gene 39 ) (Supplementary Table 11) . For factor 3, nonsynonymous mutations were found in pks5 (involved in the biosynthesis of surface-exposed polyketides 40 ), mce3B (encoding an invasin-adhesin-like protein 41 ) and Rv1877 (involved in efflux pumpmediated drug resistance in Mycobacterium smegmatis 42 ). Finally, outlier SNPs for factor 4 included nonsynonymous mutations in fas (an essential gene involved in lipid metabolism with a potential role in antigenic recognition 43 ) and rpoC (putatively associated with fitness cost compensation in rifampicin-resistant strains 44 ).
We also sought to detect SNPs undergoing convergent evolution to identify possible beneficial mutations. We scrutinized an extended data set of 6,696 polymorphic sites with loosened thresholds of variant frequency and coverage to prevent the exclusion of positions below the thresholds for some genomes. Nevertheless, candidate SNPs still had to be covered by at least ten reads to be considered. Beyond known compensatory mutations in rpoC 45 and mutations in the promoter regions of drug resistance-associated genes (eis, inhA and embA), we identified 15 additional targets possibly under positive selection (Supplementary Table 12 ). Among these were nonsynonymous SNPs in mmpL11 (putatively involved in fatty acid transport), folC (an essential gene involved in respiration) and Rv2670c (of unknown function), exclusively found in drug-resistant isolates in different monophyletic subgroups.
DISCUSSION
Using the largest data set of a single M. tuberculosis lineage ever investigated, we identified the population structure and reconstructed the evolutionary history of the Beijing lineage on a worldwide scale. The spatial distributions of strain haplotypes and allelic diversities, as well as the localization of ancestral CCs and branches, show that, in agreement with its historical designation, this lineage originated in the geographical zone centered on northeastern China, Korea and Japan. The time of its emergence, estimated at 6,600 years ago, is consistent with other recent data based on a much smaller strain collection 46 and is compatible with the onset of agriculture in that region 47 . Our data lead us to conclude that the worldwide spread of Beijing sublineages from this original focus occurred in several waves and was accompanied by important changes in the pathogen's population size, especially in the recent historical period, starting with industrialization and urbanization in the nineteenth century. The latest steps of this evolution include the specific epidemic expansion of two MDR clones throughout central Asia and Russia.
Our results suggest that, whereas the Asian sublineages (CC6 and BL7) arose during the late Neolithic, the two most recent clades appeared later (during the early medieval period) and gave rise to the European-Russian (CC2) and Pacific (CC5) branches. Interestingly, these two sublineages, as well as the central Asian (CC1) 
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A r t i c l e s expansion of CC5 in this region 48 . Likewise, several waves of Chinese refugees migrated to the Russian empire, especially Kyrgyzstan, Kazakhstan and Uzbekistan, as a consequence of a series of national uprisings from 1861 to 1877, which might have driven the expansion of the CC1 and CC2 strains in these regions 49 . These recent western expansions are probably superimposed on a more historical, continuous flux of the different Beijing sublineages westward along the Silk Road. Consistently, a sharp increase in the population size of the Beijing lineage as a whole was also detected concomitantly with the Industrial Revolution, around 200 years before the present, by Bayesian skyline analysis of genome-wide SNPs. The amount of SNP information available allowed us to detect even more recent changes in population size. The second abrupt surge in bacterial population size, detected around the period of the First World War, is fully in line with the documented peak in the tuberculosis death rate all over the globe due to the deprivations and comortality induced by the influenza pandemics at that time 50 . Our data additionally disclose the probable (but not necessarily exclusive) impact on the bacterial population of the large-scale onset of antibiotic use in the 1960s, which resulted in the first drop ever observed on the skyline plot, and of the HIV epidemics and/or increase in MDR populations, interrupting this fall.
Notably, our data indicate that the expansion of the two sublineages more frequently associated with MDR genotypes (central Asian (CC1) and European-Russian (CC2)) predated the era of antibiotics. This finding indicates that the prevalence of drug resistance in these CCs is not the primary cause of expansion but rather a consequence of public health-related and clinical weaknesses superimposed on a growing bacterial population. This hypothesis is supported by the specific, extremely low mean pairwise genetic distance of around 20 SNPs among the genomes of the MDR strain subsets of CC1 and CC2 (Supplementary Fig. 10 ). Assuming a mutation rate of 0.3-0.5 SNPs per genome per year 26, 29, 51 , this finding indicates that the two corresponding original MDR clones started to spread epidemically only some 20-30 years ago across Eurasia, coinciding with the collapse of the public health system of the former Soviet Union. Of note, we found that a large clade (termed clade B), with limited genome-wide diversity among MDR strains from a local southwestern Russian population 3 , is part of the same EuropeanRussian W148 (CC2) outbreak defined in our global study (data not shown), which thus further demonstrates the epidemic spread of this clone.
Evidence for the higher virulence of modern Beijing strains in comparison with ancestral sublineage strains has been reported 52, 53 . This difference might have contributed to the differential historical spread observed for these two sublineage groups (with, for example, the geographical restriction of CC6 and BL7).
We also detected an ensemble of gene variants potentially associated with the expansion of the modern Beijing strains by performing whole-genome scans for candidate SNPs and genes under positive selection unrelated to known targets of drug resistance. Among these, members of the mce and vapBC multigene families, associated with mycobacterial virulence 54 and the modulation of host immune response 55 and with growth control 56 , respectively, appear as prominent candidates. Interestingly, we also identified sites within Rv0176 (encoding an MCE1-associated protein) as being under diversifying selection by analyzing 73 genomes representing 6 of the 7 main MTBC lineages 57 . We also defined a list of other plausible gene targets under positive selection, associated with antibiotic resistance, fitness compensation, virulence and surface-exposed proteins, using a new Bayesian model-based SNP detection method. Of special interest is the identification of a frameshift mutation in the kdpDE operon, encoding a signal transduction system, which is a hallmark of the EuropeanRussian W148 (CC2) sublineage. As a partial deletion of kdpDE in M. tuberculosis H37Rv has been shown to result in increased virulence in a mouse infection model 35 , this frameshift mutation, putatively leading to a fusion protein of altered functionality, might well have contributed to the success of this clade. Hence, dismissing such phylogenetically informative SNPs as resulting from drift alone and not from selection might be misleading. This assumption is corroborated by an over-representation of genes associated with critical cell wall biosynthetic pathways among the functional families found for the other sublineage-specific SNPs detected by our Bayesian approach in comparison to those found for random SNPs (P < 0.01).
Finally, by screening for nucleotide positions under possible convergent evolution among drug-resistant isolates, we identified a set of new potential targets of drug resistance or fitness compensation mechanisms, including mmpL11 and Rv2670c, in addition to expected genes such as rpoC, embA, inhA and eis. Our screen also captured folC, recently reported as a resistance-associated target by genome sequencing of 161 isolates from China 58 . Interestingly, polymorphisms in these genes are especially enriched in the European-Russian W148 (CC2) sublineage and are strongly associated with the MDR tuberculosis strains of MIRU-VNTR haplotype 100-32. Intriguingly, apart from expected genes and folC, we found virtually no overlap among the targets of positive selection associated with drug resistance identified in our study and in two other recent reports based on other strain samples and patient populations 58, 59 . This lack of overlap suggests a potential influence from differences in strain genetic backgrounds, antituberculosis drug regimens and patient-dependent pharmacokinetics on the course and targets of selection.
In conclusion, our results show for the first time, to our knowledge, the important dynamic changes that have occurred in the worldwide population of a major M. tuberculosis lineage. Although the exact timing remains dependent upon uncertainties in mutation rates, especially over the long term, the conjunction of the most recent changes in the bacterial population with specific chief events in human history, as detected by using a molecular clock calibrated according to several convergent studies, is intriguing. Among other results, our analysis of European-Russian and central Asian sublineage demography illustrates how the effect of recent human interventions (the introduction of antibiotics followed by the development of multidrug resistance) has to be differentiated from pre-existing bacterial population changes to explain the regional prevalence of particular strains. Similar approaches could therefore be envisaged to better monitor and quantify the effects of future public health interventions (for example, new drugs and/or vaccines) on the pathogen population. From a more fundamental perspective, we propose that the expansion of modern Beijing strains has been favored by mutations in a number of gene targets under positive selection. The data obtained here thus suggest further experiments to investigate which of these candidate genes were involved. Such work may ultimately contribute to the detection of new targets for combating tuberculosis.
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